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2FIG. 1: (Top) Binned  distribution for Bhabha scattering at a 3 TeV CLIC assuming an integrated luminosity of 1 ab
 1
with j cos j cuts of 0.9, 0.7 and 0.5 (from top to bottom). The solid line is the SM prediction while the data assumes
c
02
= 1 and 
E




s = 3(5) TeV CLIC corresponding to the lower





FIG. 2: Same as the bottom portion of Fig. 1 except now for a
p
s=500 GeV collider and the labels on the curves
reversed.
3NC gauge theories, the leading NC contributions can be shown to take the form of new dimension-8 operators
whose scale is set by 
E;B
.
FIG. 3: (Top) Same as in Fig.1 but now for Moller scattering assuming c
12





s = 3(5) TeV CLIC corresponding to the lower (upper) curves.





in the NC case, as they contribute to Bhabha and Moller scattering. In truth, this lies outside the realm of the
NCQED model and can only be addressed within a full NCSM. Here we will assume that these Z couplings
get rescaled by kinematic-dependent exponents in a manner identical to photons. Within the SW approach we
know that this is indeed what happens for on-shell electrons, to leading order in 

, and we might expect it to
remain true in higher orders in the complete NCSM theory.
At typical linear collider energies, i.e., 500-100 GeV with integrated luminosities in the range approaching
500 fb
 1




colliders such as CLIC will allow
us to examine values of 
E;B
beyond several TeV provided suÆcient luminosity,  1 ab
 1
, is available. To
demonstrate these claims we will examine three specic processes: Bhabha and Moller scattering, as well as
pair annihilation. In all cases we assume the incoming e
 
direction to be along the z axis.
II. RESULTS
The rst process we consider is Bhabha scattering which proceeds through both s  and t channel gauge
boson exchanges. There are no new amplitudes to consider in this case, but each vertex picks up the kinematic
dependent phase discussed above. As demonstrated[9] in earlier work, the NC modications to the SM result
only appear in the interference term in the squared matrix element and are sensitive only to nite 
E
. This
4FIG. 4: Same as in the bottom portion of Fig.2 but now for Moller scattering assuming
p
s=500 GeV and c
12
= 1.




!  at a 3 or 5 TeV CLIC assuming an
integrated luminosity of 1 ab
 1







s. A cut of jzj< 0:5 has been applied in the  distribution.
























where t and u are the usual Mandelstam variables. Independently of the particular values of c
0i
, the resulting




nonvanishing, the cross section also picks up a periodic
azimuthal (i.e., ) dependence as is shown in Fig. 1. While other new physics may lead to modications of
the cos  distribution, only Lorentz violation can induce a  dependence in the cross section. Note that the 
dependence becomes more pronounced as stier cuts on the scattering angle, which selects more central events
where both u and t are large, are applied. We nd that beam polarization is not particularly useful for NC
searches in Bhabha scattering; the Left-Right Polarization asymmetry, A
LR
, is found to be rather insensitive
to NC eects showing, in particular, little azimuthal dependence. The reach for 
NC
in this case for CLIC
energies is also presented in Figure 1 where we see that it is of order  1:5
p
s. Figure 2 shows that similar
results are obtained at lower energy colliders.
The next reaction we examine is Moller scattering. As in the case of Bhabha scattering, the NC eects






















]. Note that, unlike Bhabha scattering, Moller scattering is sensitive
to a nite 
B




is nonzero, an azimuthal dependence is seen in the cross section as displayed
in Fig. 3. (Note that there is no sensitivity to a nonvanishing c
23
.) The oscillatory behavior is somewhat
more pronounced here than in Bhabha scattering. Again, no additional sensitivity arises from the azimuthal
dependence of A
LR
. The reach for 
NC
from Moller scattering is seen from Fig. 5 to exceed that for Bhabha
scattering. Figure 4 shows that similar results are obtained at lower energy colliders.
FIG. 6: Reach for 
E





!  following the notation in the text.
The last case we consider is pair annihilation. In addition to the new phases that enter the t  and u 
channel amplitudes, there is now an additional s channel photon exchange graph involving the NC-generated














!  Space-Time 740   840 GeV 2:5   3:5 TeV 3:8  5:0 TeV
Moller Scattering Space-Space 1700 GeV 5.9 TeV 8.5 TeV
Bhabha Scattering Space-Time 1050 GeV 4:5   5:0 TeV 6:6  7:2 TeV






Space-Time 220   260 GeV 1:1   1:3 TeV 1:8  2:1 TeV
e! e Space-Time 540   600 GeV 3:1   3:4 TeV 4:8  5:8 TeV
Space-Space 700   720 GeV 4:0   4:2 TeV 6:3  6:5 TeV























]. As in Bhabha scattering, this modication to the SM result appears to lowest
order as a dimension-8 operator that probes nite 
E
. As before, the cos  distribution is modied for all values
of the c
0i




is required to produce an azimuthal dependence. The resulting
angular distributions are shown in Fig. 5 for the case c
02
= 1. Writing c
01
= cos and c
02
= sin cos , and
c
03
= sin sin , Fig. 6 displays the reach for 
E
for CLIC energies for several values of .





colliders. We nd that these eects produce an azimuthal dependence in the cross sections, providing a
unique signature of the Lorentz violation inherent in these theories. The search reaches for the NC scale in a
variety of processes are summarized in Table 1 for both
p
s = 500 GeV and CLIC energies. We display the 95%
CL search limits on the NC scale 
NC





collider with an integrated luminosity of 500 fb
 1
or at a 3 or 5 TeV CLIC with an integrated luminosity of 1
ab
 1




and e ! e analyses of Godfrey
and Doncheski include an overall 2% systematic error not included by Hewett, Petriello and Rizzo. We see that
these machines have a reasonable sensitivity to NC eects and provide a good probe of such theories.
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